Abstract: The aim of this study was to evaluate soluble and insoluble fluoride concentrations in commercial varnishes, and their remineralization effect on artificial caries enamel lesions using surface and cross-sectional microhardness evaluations. Forty bovine enamel blocks were separated into four groups (n=10): control (no treatment), Enamelast (Ultradent Products), Duraphat (Colgate-Palmolive) and Clinpro White Varnish (3M ESPE). Surface enamel microhardness evaluations were obtained, artificial enamel caries lesions were developed by dynamic pH-cycling, and the varnishes were then applied every 6 days, after which the enamel blocks were submitted to dynamic remineralization by pH cycles. After removal of the varnishes, the enamel surfaces were reassessed for microhardness. The blocks were sectioned longitudinally, and cross-sectional microhardness measurements were performed at different surface depths (up to 300 μm depth). Polarized light microscopy images (PLMI) were made to analyze subsurface caries lesions. The fluoride concentration in whole (soluble and insoluble fluoride) and centrifuged (soluble fluoride) varnishes was determined using an extraction method with acetone. The data were analyzed to evaluate the surface microhardness, making adjustments for generalized linear models. There was a significant decrease in enamel surface microhardness after performing all the treatments (p<0.0001). Enamelast and Duraphat showed significantly higher enamel microhardness values than the control and the Clinpro groups (p = 0.0002). Microhardness loss percentage was significantly lower for Enamelast (p = 0.071; One-way ANOVA). PLMI showed that subsurface caries lesions were not remineralized with the varnish treatments. No significant differences in the in-depth microhardness levels (p = 0.7536; ANOVA) were observed among the treatments. Enamelast presented higher soluble and insoluble fluoride concentrations than the other varnishes (p < 0.0001; Kruskal-Wallis and Dunn tests). Enamelast and Duraphat varnishes promoted enamel surface remineralization, but no varnish remineralized the subsurface lesion body. Although insoluble and soluble fluoride concentration values did not correspond to those declared by the manufacturer, Enamelast presented higher fluoride concentration than the others.
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Introduction
The process of enamel demineralization is caused by several bacteria-metabolized acids, and can be reversed to make the lesion inactive. One of the most well-known and important measures for dental caries control and treatment is mechanical biofilm control, which must be associated with an appropriate level of fluoride exposure. 1, 2 Fluoride solutions come in low concentration for daily use, such as toothpastes and mouthwashes, and higher concentrations for professional application, such as fluoride gels and fluoride varnishes. 3 The advantages of varnishes are their simple application and prolonged contact with the demineralized surface of the enamel. 4, 5 They are also an important adjuvant in the control and treatment of white spot caries lesions. 6 Gao et al. 7 showed that the use of a 5% sodium fluoride varnish can remineralize incipient caries lesions, thus making this option an important method to inhibit enamel demineralization. 8 Thickening agents such as colophony resin, gums and waxes have been added to varnishes to promote and prolong their contact time with the tooth surface. A longer contact time boosts the reactivity of the fluoride in the varnish with the enamel, to promote the formation of greater calcium fluoride (CaF 2 ) reservoirs weakly bound to the substrate, 9 on which the enamel demineralization effect is concentration-dependent. 10 However, the sodium fluoride (NaF) released by the varnish may constitute only a weak release, since hydrophobic colophony resin is solubilized only in ethanol. 11 Thus, it is recommended that the varnish be kept on the enamel for a longer period to enable greater formation of CaF 2 reservoirs on the enamel. 12, 13 Although there is no consensus on the recommended varnish retention time on the enamel-which has been reported to range between 4 hours 12, 14 and the next day 15, 16, 17, 18 -manufacturers have modified the formulation to prolong the contact time of these agents on the dental enamel, and have developed patented components that promote greater contact, such as Enamelast varnish (Ultradent Products, South Jordan, USA). Other varnish components include tricalcium phosphate, which can activate enamel remineralization (Clinpro White Varnish, 3M ESPE, Saint Paul, USA), thus releasing calcium and phosphate ions into the saliva. This release not only promotes the deposition of minerals on the surface of the enamel, but also potentiates remineralization of the subsurface lesion body. 19, 20 Some studies investigated whether these varnishes: 1) release enough fluoride in the surrounding storage media to allow the formation of CaF 2 reservoirs on the enamel substrate and/or, 2) present a remineralization effect on artificial enamel lesions. 11, 21, 22, 23, 24, 25 Only Fernández et al. 11 evaluated the fraction of fluoride soluble in varnish needed for immediate reaction with hard dental tissues to form CaF 2 -like products, and the insoluble fluoride particles present in the varnish matrix, which could prolong the reaction when dissolved by saliva.
Thus, the aim of the present study was to investigate the in vitro remineralization effect of fluoride varnishes on artificial enamel caries lesions, and the soluble and insoluble fluoride concentrations of the varnishes. The null hypotheses tested were that: a) there were no differences in the remineralization effect of the different fluoride varnishes evaluated, and b) there were no differences in the fluoride concentrations of different varnishes, whether whole (containing soluble and insoluble fluoride) or centrifuged (containing only soluble fluoride).
Methodology
Ethical aspects and enamel block preparation of the artificial caries lesions
The experiment was submitted to and approved by the Animal Ethics Committee (number 2016/025). Forty enamel blocks from bovine incisors were obtained from the flatter regions of the vestibular surface. The teeth were sectioned using a double-sided diamond disc (KG Sorensen Indústria e Comércio, Barueri, SP, Brazil) mounted on a handpiece, yielding dental blocks 4 mm wide x 4 mm long x 4 mm thick.
A 2-mm-thick layer of wax was applied to the entire block, except the buccal face. The enamel blocks were embedded individually in polyester resin. The enamel blocks were ground flat with a rotary electric polisher (Ecomet 250, Buehler, Lake Bluff, USA) coupled to a rotary head (Buehler Automet 250, Buehler, Lake Bluff, USA) and aluminum oxide abrasive paper (Arotec S/A Ind. e Com., Cotia, Brazil) of two different granulations: 600 and 1200, and then polished with 0.3 µm aluminum paste (Alfa Micropolish, Buehler, Lake Bluff, USA) and felt cloth. The blocks were cleaned ultrasonically in deionized water for 10 minutes to remove any residue from the polishing procedure.
Microhardness measurements were performed to select the enamel blocks that had similar baseline microhardness values. The blocks were assigned to one of the four treatment groups (Table 1) . A statistical test (ANOVA) was used to evaluate whether the mean microhardness values among the four treatment groups were similar, with a p value of 0.9996. The size effect for this initial selection was low (f = 0.0177), which indicated that the use of n=10 would reach a power of 0.96 for the comparisons between groups, and a power of 0.99 for the comparisons between initial and final timepoints.
Artificial enamel caries lesions induction
The model for inducing artificial caries lesion used the following protocol by Manarelli et al. 26 The dental blocks were immersed individually into plastic bottles containing 32 mL of solution with 1.3 mmol/L of calcium nitrate tetrahydrate and 0.78 mmol/L of sodium dihydrogen phosphate monohydrate in 0.05 mol/L acetate buffer, pH = 5.0, 0.03 ppm fluoride for 16 h at 37°C.
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Varnish application and remineralization cycles
The enamel was then treated according to the respective group. In the CON (control) group, no varnish was applied. In the ENA (Enamelast) and DUR (Duraphat) groups, a thin layer of varnish was applied using a microbrush. In the CLI (Clinpro White Varnish) group, the material was manipulated after dispensing equal parts of the liquid and the paste components using a spatula. Then, a thin layer was applied using a microbrush.
The blocks were submitted to 6 days of pH cycling for induction of remineralization, as described by Vieira et al. 28 First the varnish was applied and then the blocks were immersed in a remineralizing solution (1.5 mmol/L calcium, 0.9 mmol/L phosphate, 150 mmol/L potassium chloride in 0.1 mol/L cacodylate buffer, pH = 7.0, 0.05 mgF/mL, 1.1 mL/mm 2 ) for 4 hours, and subsequently submitted to demineralization (2.0 mmol/L calcium and phosphate in 75 mmol/L acetate buffer, pH = 4.7, 0.04 μgF/mL, 2.2 mL/mm 2 ) for 2 hours. 26 The varnishes were removed with a scalpel blade and acetone, 12 after which the blocks were transferred to a new remineralizing solution for 18 hours. A new layer of varnish was reapplied at the beginning of each cycle.
Microhardness evaluations
The enamel microhardness analyses were performed with a digital microhardness tester (Pantec HVS 1000, Panambra, São Paulo, Brazil) and a Knoop-type indenter with a static load of 25 Duraphat/ DUR/ 11.14-3
Colophony ( g for 5 seconds. Five microhardness measurements were made at baseline (SH -before induction of subsurface caries lesion) and after the treatments (SH1 -after remineralization induction cycling), performed at the center of the enamel surface, and measuring 100 μm between indentations. The percentage of surface microhardness loss (% SH) was calculated according to the following formula:
The in-depth microhardness was evaluated by sectioning the enamel block longitudinally in the center of the block. Only one section of the cut fragments was embedded in polyester resin (Massa Fix, Royal Polímeros Indústria e Comércio de Produtos Químicos, Osasco, Brazil). The other section was stored for caries lesion analysis by polarized light microscopy.
The surfaces subjected to the microhardness tests were polished with abrasive papers impregnated with aluminum oxide and having 600 and 1200 granulation (3M do Brasil, Sumaré, Brazil), in a pneumatic rotary electric polishing machine (Ecomet 250, Buehler Ltd, Lake Bluff, USA), water cooled at a rotational speed of 600 rpm for 1 minute at 50N load. The abrasive papers were changed after every five specimens. Polishing was performed using a 0.3 μm alumina suspension (Alfa Micropolish, Buehler, Lake Bluff, USA) with a felt cloth. The blocks were cleaned ultrasonically in deionized water for 10 min to remove any residue from the polishing procedure.
A sequence of 14 indentations at different surface depths (10, 20, 30, 40 , 50, 60, 80, 100, 120, 140, 160, 180, 200 and 300 μm) 26 was performed in the center of the block to obtain the hardness values (KHN).
Polarized light microscopy analysis
The analyses under polarized light microscopy were performed by washing the stored dental sections for 24 hours in several exchanges of distilled and deionized water. The sections were then polished using abrasive papers of 120, 400 and 600 granulation, to obtain lamellae approximately 100-μm thick, kept in distilled and deionized water until microscopic analysis. The thickness of the enamel lamellae was measured with a digital caliper (Mitutoyo, Itu, Brazil). The preparation of the dental hemi-sections was performed on the opposite face of the section used for the cross-section microhardness test. The preparation method enabled 3 to 4 specimens to be obtained from each group for polarized light microscopy analysis.
Qualitative analyses of the microstructural changes produced in the enamel after induction of the artificial caries lesion were performed according to Silverstone. 29 The enamel lamellae were studied under a microscope (Nikon Eclipse Ci-S Microscope, Nikon Corporation, Chiyoda-ku, Tokyo, Japan), with a polarizing filter and analyzer, using water as the imbibition medium. This procedure enabled observation of the surface lesion and the lesion body in its extent, according to the treatment types used. The images were photographed at 40X magnification for qualitative analysis of lesion extension. The evaluations were performed without the examiner knowing what group each sample belonged to, therefore constituting a blind study.
Determination of fluoride concentration in varnish
The fluoride concentration in the whole (soluble and insoluble fluoride) and centrifuged (soluble fluoride) varnishes was determined using a standardized extraction method with acetone. 11 Previously, preliminary tests were performed to achieve a better method of solubilizing the varnishes to provide the fluoride concentration. The centrifugation procedure consisted of placing the varnish in an Eppendorf tube and centrifuging for 5 minutes, with a centrifugal acceleration of 11,000 g to collect the supernatant of the varnishes. Afterwards, the varnishes were weighed (10 ± 0.1 mg) in a centrifuge microtube to which 100 μL of acetone was added. After vigorous homogenization in a vortex for 15 s to ensure complete varnish dissolution, the extracts of whole or centrifuged varnishes were transferred to 100-or 10-mL volumetric flasks, respectively, and the microtube was washed three times with 1 mL of water, and three times with up to 100 μL of acetone for total varnish removal. The extract was diluted to 100 or 10 mL using purified water, for whole or centrifuged varnish, respectively. The fluoride concentration was buffered with TISAB II. After obtaining a standard fluoride analysis curve of 0.9948, the varnish solutions were measured using a specific ion electrode.
Statistical analysis
T he explorator y a na lysis of t he su rface microhardness indicated that the data did not meet the assumptions of the analysis of variance. A linear model was used to calculate the linear regression model for microhardness, and one-way ANOVA to determine the percentage of loss.
Cross-section enamel microhardness (in-depth) was determined after performing the exploratory analysis of the data, by applying analysis of variance in subdivided plot schemes, where the plots were represented by the treatments and the subplots, by the timepoints and distances. Multiple comparisons were performed using the Tukey test.
Regarding the fluoride concentration measurement, the data did not meet the assumptions of parametric analysis applying the Kruskal-Wallis and the Dunn multiple comparison tests. All the analyses were performed using SAS software (SAS Institute, Cary, NC, USA, Release 9.2, 2010) and R (R Core Team, 2015. R: A language and environment for statistical computing, R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/), with a significance level of 5%.
Results
There was significant interaction between the treatments applied and the before and after treatment for surface microhardness (p = 0.0002).
The microhardness values decreased significantly following the pH cycling ( Table 2 ). The percentage of enamel microhardness loss was significantly lower in the group receiving ENA (p = 0.0072) (Figure 1 ). Enamel microhardness presented significantly higher values after treatment of surfaces with ENA and DUR than CLI or the CON group.
There were no significant differences among the groups, regarding enamel microhardness at different depths according to the treatments (p = 0.7536), although the microhardness values increased as enamel depth increased (p < 0.0001) ( Table 3) . Microhardness increased up to a depth of 80 µm, after which the values remained constant up to 300 µm, regardless of the treatment.
The polarized light microscopy images show that the subsurface caries lesions were not remineralized with the varnish treatments. The enamel surfaces treated with the varnishes presented a thinner dark line (indicating demineralization) than the CON group (that presented a thicker, dark superficial line, indicating a deeper demineralized area than the subsurface area, which was lighter in color) (Figure 2 ). Regarding the fluoride concentration of the varnishes, the ENA whole varnish presented higher soluble and insoluble fluoride concentration than the other varnishes evaluated (p < 0.0001). CLI centrifuged varnish presented higher concentration of soluble fluoride than ENA (p = 0.0015) ( Table 4) .
Discussion
In the present study, it was found that the varnishes had a limited effect on the remineralization of the enamel surface, since the surface microhardness values after the treatments did not return to their initial values (Table 2 ). In the protocol used in the present study, the subsurface lesion caries was initially created for subsequent application of the varnish. It simulated a clinical situation in which an initial caries lesion in the enamel would be diagnosed and treated with non-invasive therapies, 26 and in which the surface and cross-sectional microhardness evaluations would be associated with the dynamics of fluoride use and the remineralization process. 26 The enamel surface microhardness measurements were not taken after performing the demineralizing cycles to obtain artificial enamel caries lesions, which is a limitation of this study. However, evaluation of the treatments showed that the enamel surface microhardness values were higher with ENA and DUR varnishes than the CON and CLI groups. This suggests that the former agents presented greater potential for enamel surface remineralization than the latter. According to the respective manufacturers, all the varnishes evaluated have a high concentration of NaF (22,600 ppm) in their composition, resulting in greater remineralization of the most superficial layer of the enamel, and a lesser effect on the deeper layers. 26, [30] [31] [32] However, the mean fluoride concentrations found in the varnishes evaluated in this study were lower than the values declared by the manufacturer, especially for CLI, in which a mean of 7336.27 ppm soluble and insoluble fluoride concentration was verified (Table 4) , a finding that could explain the results obtained for the surface enamel. The protocol to solubilize the resin in the varnishes to enable fluoride evaluation is a repetitive process that demands successive acetone washes. Furthermore, it is believed that there is a weak release of the fluoride content due to the hydrophobic resin content. 11 Although repetitive acetone washes and centrifugation of the varnishes were performed, it may not have been possible to achieve completely solubilized varnish; this would explain the differences in the fluoride concentration values between those obtained in our study and those appearing on the label.
The reaction of the varnish with the enamel, in the short term, is dependent on its soluble fluoride concentration, and, in the long term, on dissolution of the insoluble fluoride present in the varnish matrix. 26 In the present study, the varnishes were applied on enamel subsurface caries lesions, after which dynamic pH cycling for induction of remineralization was carried out for 6 days. The reaction of the fluoride in varnishes with enamel is time-dependent. The insoluble fluoride in the formulation plays a significant role in slowing this process, in comparison with the soluble fluoride concentration, which is responsible for chemically forming fluoride calciumlike reservoirs on the enamel, over a short period of time (after a professional fluoride application, for example).
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Although a lower concentration of insoluble and soluble fluoride was observed for CLI, the presence of modified tri-calcium phosphate could potentiate enamel remineralization, 33, 34 especially at greater depths, 35 since remineralization of the enamel surface does not promote remineralization of the subsurface caries lesion. 36 Modified tri-calcium phosphate (or functional tri-calcium phosphate) crystalline form provides a calcium and phosphate release system obtained by milling beta-calcium phosphate with sodium lauryl sulfate. 34 In the varnish containing modified tri-calcium phosphate, used in the present study, there is another component (fumaric acid) in the formulation that prevents undesirable chemical bonding between the calcium and the phosphate. 19, 35 In other studies, CLI was found to present results similar to DUR regarding surface microhardness, 19 and even higher values than the other varnishes studied. 33, 37, 38 However, the effect of potentiating enamel remineralization promoted by this varnish was not observed in the present study, even when analyzing the microhardness at different depths ( Table 3) .
The percentage of surface microhardness loss enables an indirect evaluation of the amount of mineral loss from the enamel following the varnish application treatments (Figure 1 ). In this regard, ENA varnish had less surface microhardness loss in relation to the CON group. The concentration of soluble and insoluble fluoride present in the varnish, and the possible release of fluoride by the varnish-which may interfere in CaF 2 deposition on the surfacewas higher for ENA than for the other varnishes (Table 5) . Furthermore, it is suggested that, although all varnishes remained on the enamel surface for the same amount of time, the fluoride released by ENA might have been higher than that released by the other varnishes, although this property was not evaluated in the present study. Carvalho et al. 23 observed that the greater contact time promoted by ENA varnish may have influenced the amount of fluoride deposited on the enamel, thus suggesting that the lower viscosity of certain varnishes may promote stronger retention on enamel, provide greater contact with the storage medium, and allow greater release of fluoride. In addition, Al Dehailan et al. 21 observed that different varnish compositions may interfere with the remineralization of enamel lesions, the release of fluoride and the deposition of fluoride on the dental surface. Therefore, the concentration of the soluble and insoluble fluoride should explain this result, since ENA presented higher fluoride concentration than the other varnishes.
The effect of treatments using varnish for remineralization of subsurface caries lesion was evaluated by the cross-sectional in-depth microhardness analysis. It was verified that no varnish was able to provide remineralization of subsurface lesions, further corroborated by the polarized light microscopy images. The amount of soluble and insoluble fluoride concentration did not attain the levels stated by the manufacturers. Although this study used a standardized protocol to evaluate the soluble and insoluble fluoride concentrations, the varnish may not have been completely solubilized due to the hydrophobic synthetic resin content. This would explain the differences in the fluoride concentration values between those obtained in our study and those appearing on the label, despite successive acetone washes to provide varnish solubilization. However, it could also be that the fluoride content in the varnish is not the same as that stated by the manufacturers. This study presented some limitations, such as not measuring the microhardness values after demineralization cycles and not reporting the amount of fluoride released by the varnishes during the remineralizing cycles. Nevertheless, it should be considered that the remineralization process occurs more slowly in the deeper layers than on the surface, and is greatly improved by products containing tri-calcium phosphate. 35 In this respect, the surface layer of the enamel is better benefited by the presence of the fluoride available in and released by the varnishes. 31 
Conclusions
Enamelast and Duraphat varnishes had a remineralizing effect on the enamel surface, but no varnish was able to remineralize the lesion subsuperficially. Although insoluble and soluble fluoride concentration levels did not correspond to those declared by the manufacturer, Enamelast had a higher fluoride concentration than the other varnishes.
